Body Integrity Identity Disorder (BIID) is a non-psychotic condition wherein individuals desire amputation or paralysis of one or more healthy, fully-functioning limbs (predominantly the legs). Individuals with BIID have been suggested to have a mismatch between the perceived mental representation of the body and its actual physical structure, such that their desired identity matches that of a lower-limb amputee. Accordingly, studies have reported an altered central network involving body representation of the legs in BIID, but its relationship to behavior remains unclear. In the present study, we investigated the integrity of body representation in individuals with BIID, acquired lower-limb amputees, and normally-limbed controls using an online mental rotation task. Participants judged the laterality of left and right foot images presented from different views, orientations, and of different types. We expected BIID participants to be slower for mentally rotating images that corresponded to their affected legs than lower-limb amputees and normally-limbed participants. We found that the groups did not significantly differ in their performance. All participants were slower at judging feet presented in awkward postures than natural postures, replicating previous studies and validating our online paradigm. The results are discussed in terms of the robust nature of visual and sensorimotor lower-limb representations, whether related to the self or as prototype, in the context of disturbed lower-limb integrity.
Introduction
Body Integrity Identity Disorder (BIID) is a rare condition characterized by a strong and persistent desire to amputate or paralyze one or more healthy limbs [1] . The desire to amputate or paralyze a body part presumably arises from experiencing a mismatch between the perceived mental representation of the body and the actual physical structure and/or boundaries of the body itself [2] . Individuals with this condition, particularly those who desire amputation of a limb, describe themselves as "overcomplete" and as though the limb does not belong to them, experiencing a sense of (non-delusional) disownership over the body part. While research is scant on this subject, it has been growing in recent years [3] [4] [5] [6] [7] . The condition manifests before adolescence, usually affects males, and the desire to amputate/paralyze is usually directed towards the lower limbs [2, 8] . BIID is not yet included in the most recent version of the Diagnostic and Statistical Manual of Mental Disorders (DSM-V); however, it is set to be included in the next version of the International Classification of Diseases (ICD-11) as Body Integrity Dysphoria [9] (under the category 'disorders of bodily distress and bodily experience'). At this point, treatment for the condition has not yet been developed. While BIID is not a product of any apparent brain damage (e.g. [10] ), recent imaging studies suggest that there are structural and functional alterations to brain areas that contribute to maintaining a coherent representation of the body (particularly within the sensorimotor system). These areas generally refer to frontal, parietal, and insular areas, but have extended to the thalamus, basal ganglia, and cerebellum as well [3, 7, [10] [11] [12] . For instance, the premotor cortex (PMC) plays a critical role in integrating multisensory information about the body (e.g. [13, 14] ) and particularly for creating a feeling of body ownership (i.e., the feeling that my body (part) belongs to me; [15, 16] ). In a sample of 5 BIID participants with unilateral leg amputation desire, Van Dijk et al. [10] revealed that the ventral PMC shows reduced activity in response to tactile stimulation of the affected limb in comparison to the unaffected limb. Blom et al. [3] revealed reduced grey matter volume in the left PMC in a sample of 8 individuals with BIID. Parietal areas, such as the superior parietal lobule (SPL) and the inferior parietal lobule (IPL), which play a critical role for body awareness [17, 18] , processing configuration of the body [19] , and the overall representation of the body [20] , are also affected in BIID. Specifically, McGeoch et al. [12] showed, in a sample of 4 BIID participants, that activity of the SPL was reduced in response to tactile stimulation on the affected compared to unaffected limb. In line with this, Hilti et al. [4] revealed reduced cortical thickness of the right SPL and reduced cortical surface area of the secondary somatosensory cortex and anterior insula (involved in overall awareness of the bodily state [21] ) in a sample of 13 participants with amputation-variant (i.e. those who desire amputation of a limb) BIID. Moreover, the primary somatosensory cortex (SI), which holds a somatosensory map of the body, showed reduced cortical surface area, particularly for the leg/foot representation in this sample [4] . The same individuals (as in [4] ) also had structural and functional hyperconnectivity in their sensorimotor areas [7] . Also, subcortical areas like the thalamus and basal ganglia [11] and the cerebellum [3] have displayed anatomical alterations in BIID participants. In addition, a recent study showed that brain activity while viewing images of oneself that were edited in a way that the participant appeared to be amputated could predict whether the participant belonged to the amputation-variant BIID (or specifically: xenomelia, meaning 'foreign limb') or control group. These predictive brain regions (like the IPL, SPL, caudate nucleus, occipital areas) overlapped with the areas responsible for creating a coherent representation of the body [5] . However, it remains open whether these brain alterations represent a consequence or a cause of BIID [22] .
The growing evidence for an altered or perhaps even impaired representation of the body, particularly within the sensorimotor system, in individuals with BIID provides support for the claims that these individuals internally identify as an amputee. This is highlighted in the following statements by participants in our present online investigations:
"My body doesn't react differently when it comes to my BIID-body part but there is a very distinct feeling below a certain place where it feels like an attachment that isn't supposed to be there. Actually, a bit like a prosthetic [limb]-it's there to keep me up and walking but it is an attachment." "My brain tells me that I am a left below knee amputee and my leg should end 5 inches below that knee." "For me, BIID is best described as my body feeling like two distinct halves, one of which isn't really on the right 'wavelength'; legs are attached and fully functional, but for some inexplicable reason, I am aware they shouldn't be."
In addition, BIID has several parallels with somatoparaphrenia [23] , a condition that manifests after stroke, usually following damage to the right hemisphere [24] . In both BIID and somatoparaphrenia, individuals feel like a body part does not belong to them. However, in contrast to somatoparaphrenia, in BIID, the feeling of disownership is not delusional and is not the product of any apparent brain damage. The similarities between BIID and somatoparaphrenia have been explored theoretically [23] and experimentally [25] before. For instance, Romano et al. [25] revealed that, like patients with somatoparaphrenia [26] , people with BIID show a reduced anticipatory skin conductance response to stimuli approaching the disowned (to-be-removed) limb. The authors suggest that this altered physiological response could be due to a poorly inscribed central representation of the unwanted limb [25] .
Though, few studies have examined the behavioural outcome of these altered (or poorly established) body representations. Recently, Macauda and colleagues [6] explored the implicit (via an implicit association task) and explicit (via a questionnaire) attitudes about amputated and non-amputated bodies in a sample of BIID participants, lower-limb amputees, and normally-limbed control participants. They showed that BIID participants have a stronger implicit and explicit preference for amputated bodies, when compared to amputees and normallylimbed controls. The authors suggest that this implicit preference for amputated bodies in BIID "might rely on a stored body model independent of the physical body", e.g. an internal body model formed without one of the legs. In addition, Lenggenhager and colleagues [27] showed that BIID individuals with unilateral lower-limb amputation desire experience a more vivid rubber foot illusion (i.e. an illusion of ownership over an artificial foot during congruent visuotactile stimulation of one's own and the artificial foot) for the affected foot compared to control participants, perhaps reflecting a poorly established central lower-limb representation. Thus, this finding also suggests that the integrity of the internal model of the affected limb in BIID is integral in mediating the multisensory experience of the body. For example, it has been shown that individuals who deny ownership over the body or its parts as a result of tumor or stroke show increased susceptibility to the rubber hand illusion [28, 29] . Thus, disruptions to these internal body models seem to affect multisensory processes involving the affected limb.
Taken together, these findings corroborate the quoted statements above and provide insight how the underlying representations of the body can affect behaviour. However, an understanding of body representation(s) in BIID is still in its infancy. How can we further behaviourally examine this experienced representation of the body, and more specifically the integrity (or perhaps lack thereof) of the affected limb in BIID? As we still do not know the origins of the disorder, it could prove beneficial to explore different forms of body representation in these individuals in order to elucidate the underlying mechanisms.
While there are several ways to investigate body representation, tasks involving mental rotation of body parts are a simple and elegant way to investigate the integrity of body representations in the brain. In a standard version of the task, participants are asked to make judgements about the laterality of a pictured body part [30] . The left or right body part can be displayed in different orientations (from first-person perspective to third person perspective) and from different views (top or bottom of the body part). In order to successfully make a judgement about the body part's laterality, participants will internally compare the displayed image to their own body part, and then mentally rotate their body part until it matches the posture of the pictured part, making an imagined spatial transformation of the limb [30] which is reflected by prolonged reaction times in the laterality judgment. Evidence for this egocentric mental rotation strategy during the task comes from behavioural and imaging data. For example, participants are slower and less accurate when making judgements about body parts viewed from a thirdperson perspective compared to a first-person perspective or from the bottom of the body part compared to the top [31] [32] [33] [34] . And while the same pattern of behaviour also emerges for mental rotation of objects or letters, it is exaggerated for body parts [35, 36] , reinforcing the suggestion that reference to one's own body representation is critically involved in the process. The sensorimotor system, including bilateral PMC, SPL, the intraparietal sulcus, left IPL, left insula, primary motor area, and SI, plays an active role in mental rotation (e.g. [19, 33, [37] [38] [39] [40] [41] , for a review see [42] ). Specifically, when compared to mentally rotating objects, mental rotation of body parts engages additional sensorimotor areas implicated in preparing a movement (primary motor cortex, SPL, IPL, insula, primary visual cortex, and other frontal areas, see [43] ). This provides further support that an intact sensorimotor representation of the body is important for mental rotation of body parts. Interestingly, several of the brain areas involved in mental rotation tasks overlap with the ones that are altered in BIID (e.g. SPL [12] , IPL [4] , PMC [2] , SI [4] ).
Several studies have shown that performance during mental rotation of body parts is modulated by central and peripheral representations of the body. For instance, individuals with an acquired upper-limb amputation are slower and less accurate at making judgements about the laterality of the amputated hand, particularly if the dominant hand was amputated, when compared to the intact hand and to control participants [34] . With respect to the lower limbs, only two studies have investigated mental rotation of the missing body part [44, 45] . In both studies, having an amputation did not lead to clear deficits in performance. For instance, Boccia et al. [45] showed that while lower-limb amputees performed similar to controls (at a behavioural level), lower-limb amputees showed differences in brain activity that were specific to the body representation network during the task. In another study, Curtze et al. [44] revealed that while normally-limbed controls showed an advantage for making judgements about the right feet (presumably because of foot dominance), lower-limb amputees did not show a laterality effect. Moreover, the presence/absence of phantom sensations during the experiment influenced reaction times (though this interaction was not explicitly described). These findings encourage further exploration of the effects of lower-limb amputation on mental rotation. Performance regarding mental rotation of body parts is also affected in individuals who are paralyzed ( [46] , c.f. [47, 48] ), suffer from long-term pain [49, 50] , or have movement disorders that elicit longterm awkward and fixed postures (such as in dystonia [51, 52] ), emphasizing the important role of peripheral input during mental rotation of body parts. It is important to note that the impairments in performance (delayed reaction times, increased error rates) are usually specific to the affected body part. The effects of posture of the own body part on mental rotation reflects this too [31, 33, 51, 53] . For instance, placing the hands behind the back slows reaction times for laterality judgements of hands (but not for judgements of feet), but only in righthanded participants [31] . However, it remains unknown whether foot posture during mental rotation of feet affects laterality judgements. Finally, other aspects of bodily awareness like the feeling of ownership over one's body parts might also disturb mental rotation. Van Stralen et al. [54] recently showed that stroke patients with self-reported body ownership impairments displayed deficits in making left-right orientation judgements about bodies. These studies highlight the importance of an intact body representation (including an intact sense of ownership) for making mental transformations of the body. Individuals can use visual and sensorimotor cues about the body part in order to solve the task, but also remembered structures of a prototypical body. Therefore, the task likely taps into several aspects of body representation, including sensorimotor (i.e., the body schema [55] ) and structural (i.e., the body structural description [44] ) representations. Which aspects of body representation are impaired in BIID, however, remain unknown.
Therefore, in the current study, we ask the question: is mental rotation of the feet impaired in people with lower-limb BIID? As BIID is a rare condition and obtaining large sample sizes in a fixed lab setting is a challenge (for reference, see samples sizes in the studies mentioned above), we took an online study approach to explore this question. We tested 16 participants with BIID, 19 individuals with an acquired lower-limb amputation, and 33 age-and sexmatched normally-limbed controls on a body part mental rotation task using the online platform Gorilla (www.gorilla.sc/about). Participants were asked to make laterality judgements about images of feet presented on-screen. Reaction times and overall error rates were examined. Both normally-limbed individuals and lower-limb amputees have a normal innate representation of their legs. However, in the lower-limb amputees, the leg itself has been physically compromised. However, the physical absence of a foot does not seem to influence mental rotation abilities [44] . In contrast, BIID participants seem to have a disturbed innate representation of their leg(s), even though they are physically intact. Therefore, we hypothesized that participants with BIID would be slower in making judgements about their affected parts (in this case, their feet) when compared to their non-affected body parts and to both amputee (i.e. a clinically-oriented sample) and normally-limbed (i.e. healthy, intact control sample) groups.
Methods

Participants
Participants with BIID. Sixteen participants (14 males, 1 female, 1 missing response) with self-report unilateral BIID (average age: 46.9 ± 13.8 SD, with missing age data from 2 participants) completed the study. Eight individuals desired right leg amputation and eight individuals desired left leg amputation. On average, participants stated that their desire to have an amputation started around the age of 8, ranging from age 5 to 20 (mean = 8.7, SD = 4.2 years). Most individuals (n = 13) had completed higher education or a university degree, while two individuals completed secondary school (one response was missing). The mother tongues of participants were German (n = 9), English (n = 3), and Dutch (n = 1). Responses regarding mother tongue were missing for three participants. Average number of years with BIID was 38.2 (± 15 SD, range 10 to 59). Most (n = 11) were self-diagnosed with BIID, while the remaining stated being diagnosed by a psychiatrist. Eight individuals reported a specific trigger at the moment their first BIID feelings started, and in all cases, it involved seeing an amputee at a young age. Participants were recruited through online BIID support group forums (https:// groups.yahoo.com/neo/groups/fighting-it/info and https://forum.biid.ch/).
Lower-limb amputees. Nineteen individuals with a unilateral acquired lower-limb amputation (14 males, 5 females), with an average age of 49.2 ± 7.2 SD took part. Thirteen individuals had a right leg amputation whereas six individuals had a left leg amputation. The reasons for amputation were accident (n = 15), tumor (n = 2), consequence of injury (n = 1), and infection (n = 1). Most individuals (n = 10) had completed higher education or a university degree, while six individuals completed secondary school and two completed primary school (1 response was missing). The mother tongues of the participants were German (n = 18) and Russian (n = 1). Average number of years with an amputation was 25.8 (± 12.7 SD, range 8 to 47). Noteworthy, 8/19 participants were experiencing phantom limb sensations at the time of the task. Moreover, 17/19 participants reported using prostheses on a regular basis (the other two never used prostheses). When asked "how strongly do you feel the prosthesis is part of your body?" on a scale from 0 (prosthesis feels foreign to my body) to 10 (prosthesis feels like part of my body), average score was 5.5 ± 4.0 SD. When asked "how much control do you have over the movements of your prothesis?" on a scale from 0 (no control) to 10 (full control), average score was 7.1 ± 2.3 SD. Participants were recruited via telephone and email from the database described in Bekrater-Bodmann et al. [56] . Participants were asked about their English proficiency prior to participation. English was sufficient for most participants. However, to ensure that they understood the study, we offered to guide participants through the questionnaires (via the telephone). Two participants were guided through the questionnaires.
Normally-limbed controls. Thirty-three age-and sex-matched (to the BIID and amputee groups) control participants (26 males, 6 females, 1 preferred not to say) completed the study, with an average age of 43.5 years ± 11.6 SD. Most individuals (n = 28) had completed higher education or a university degree, while three individuals completed secondary school (two responses were missing). The mother tongues of the participants were English (n = 18), Italian (n = 3), German (n = 2), Spanish (n = 2), Portuguese (n = 2), Dutch (n = 1), Turkish (n = 1), Estonian (n = 1), Slovak (n = 1), Urdu (n = 1), and Swedish (n = 1). Participants were asked if they had an amputation or if they ever felt like a part of their body did not belong to them, in which all responded 'no'. They were recruited using Prolific (https://prolific.ac/).
See supplementary material S1 Table for characteristics of participants. All participants gave digital informed consent (by clicking "OK" on digital consent form) in accordance with the Declaration of Helsinki and the approval of the local ethics committee (protocol number: FETC16-011) before participating in the study.
Materials and task design
All questionnaires and the mental rotation task were administered in English.
Questionnaires
Demographics and medical history. All participants completed a general questionnaire which included questions about demographics (e.g. age, sex, ethnicity) and medical history (e.g. presence of psychiatric or chronic medical disorder). BIID participants completed a more elaborate version of the questionnaire with additional questions about their BIID (modified version of the BIID Phenomenology Questionnaire [2] ). Amputee participants also completed an elaborate version of the general questionnaire with additional questions about the amputation and the presence of phantom limb sensations.
Screening for mental illness. We used self-report questionnaires to examine the prevalence and extent of common psychiatric disorders in our sample. We used the Modified Mini International Neuropsychiatric Interview Screen (MINI screen) to screen for current mood, anxiety, and psychotic disorders [57, 58] . Participants made binary (yes/no) responses to 25 statements. A sum of �10 indicates possible psychiatric disorder. To screen for borderline-typical symptomatology, we administered the Borderline Symptom List (BSL-23; [59] ). Participants rated their agreement with each of the 23 statements from 0 (not at all) to 4 (very strong) regarding their feeling/experiences in the course of the last week. To obtain a total score, responses are summed and divided by 23 (number of items). This score indicates the severity of borderline personality symptoms [60] . This scale was included as individuals with BIID tend to score higher on inventories assessing borderline symptoms [4, 7, 11] . However, as noted by previous authors, this trend has likely been driven by questions relating to body dissatisfaction, e.g. "I found my body completely unacceptable in its present state". However, these previous examinations have included the full borderline symptoms list (95 items). The version with 23 items, used in the current study, contains considerably less questions pertaining to body dissatisfaction but has similar reliability, internal consistency, and high level of sensitivity in comparison to the BSL-95 [59] .
Functional impairment due to BIID or amputation. The Sheehan disability Scale (SDS) [61] was used to assess functional impairment in work/school, social, and family life due to having BIID or due to having an amputation. Control participants did not complete this questionnaire. The scale consists of three statements regarding how much the symptoms have disrupted work/school, social life, and family life, in which participants had to respond on a scale from 0 (not at all) to 10 (extremely). Scores >5 on any of the questions suggest significant functional impairment in that area due to the condition (in this case, amputation (amputees) or desire for amputation (BIID)). In addition, participants indicated how many days were lost and how many days were underproductive in the past week due to the condition.
Foot dominance. As hand dominance has been shown to influence laterality judgements during a mental rotation task [62] and since it has been suggested to be similar for foot judgements [44] , we assessed foot dominance in our sample. To do so, controls and BIID participants completed the modified version of the Waterloo Footedness Questionnaire (WFC) [63] , a 13-item questionnaire which assessed foot preference for different scenarios (e.g. for kicking a ball). For ten of the items, participants indicated which foot they preferred for different activities (like kicking a ball) on a scale from -2 (left always), -1 (left usually), 0 (equal), +1 (right usually), +2 (right always). The remaining three items included open-ended questions regarding injury or special training with one foot. The responses are summed and responses <0 suggest left-footedness and >0 suggest right-footedness. Amputees did not complete this questionnaire, but were simply asked "Before the amputation, which leg did you USUALLY prefer to use for activities such as kicking a ball?".
BIID-specific questionnaire. In addition to the modified BIID Phenomenology questionnaire, BIID participants additionally completed the 12-item Zurich Xenomelia Scale (ZXS) [64] , which consists of three subscales pertaining to 1) the strength of the participant's amputation (or paralysis) desire, 2) the participant's erotic attraction to amputees/being an amputee, and 3) the extent to which the participant engages in pretending behaviours (i.e. simulated the bodily state of being amputated or paralyzed). Participants could rate their agreement with each statement from 1 (strongly agree) to 6 (strongly disagree). Items 1 (reverse-scored), 2, 5 (reverse-scored), 10 are part of the 'pure amputation (paralysis) subscale', items 3, 6 (reversescored), 9 (reverse-scored), 12 are part of 'erotic attraction' and items 4, 7, 8 (reverse-scored), 11 (reverse-scored) are part of the 'pretending behavior' subscale. Our ZXS was modified in such a way that the word 'amputation' was replaced with 'paralysis' for participants who desire paralysis.
Mental rotation task
Stimuli consisted of 48 greyscale images (dimensions: 400 x 400 pixels) of feet, which were from part of the set of images used by Curtze et al. [44] . The images included an equal number of left and right feet that could be real or prosthetic, presented from a plantar or dorsal view, in one of six orientations: 0˚(first-person perspective), 60˚, 120˚, 180˚(third-person perspective), 240˚, or 300˚. See Fig 1. 
Procedures
As the experiment was conducted online, participants were free to complete the experiment from a location of their choosing. Order of task and questionnaires was randomized for each participant. All participants completed a series of questionnaires (specific to participant group) and the mental rotation task. As this was part of a larger study, participants also completed an emotional body map task [65] and a modified version of the Toronto Alexithymia Scale. Those data were part of a separate project, but collected together in this study for convenience, and therefore are not reported here.
For the mental rotation task, participants were instructed to keep their foot or feet flat on the floor and to not change posture of their foot or feet during the experiment. They were instructed to judge, as quickly and accurately as possible, whether a pictured foot shown onscreen was a left foot or a right foot by pressing the left or right arrow key, respectively, on the keyboard. At the start of each trial, a blank white screen appeared for 100ms, followed by a black fixation cross in the center of the screen for 400ms, with a pause (blank screen) of 100ms after the presentation of the cross. Then an image of a foot appeared in the center of the screen. The image remained onscreen until the participant made a response, or if 5000ms had passed, see Fig 2. Participants completed four blocks of trials, consisting of 96 trials each, which would each last approximately four minutes. All blocks had the same stimuli (i.e. presented two times for each possible combination of characteristic, e.g. left prosthetic foot viewed from the sole at 120˚), but presentation of stimuli was randomized within each block. Following a block of trials, participants were encouraged to take a break (duration chosen by participant). After the final block, participants were asked if they had changed posture during the experiment and if so, they were prompted to describe this posture change in a comment box (e.g. "I crossed my left foot over my right foot"). Participants completed a total of 384 trials.
Participants had as much time as they wanted to complete the task and questionnaires. After completion, participants were directed to a page with debriefing text.
Data analysis
Data were processed and analyzed in Microsoft Excel (v. 2016) and MATLAB (v. 2017a). For the mental rotation task, reaction time (RT) referred to the time between stimulus onset and response. In Gorilla™ (www.gorilla.sc), a timestamp is recorded using JavaScript's "performance.now()" when the stimulus appears and then a second timestamp is taken once a response (key press) is made. The difference between the two timestamps is coded as the reaction time (https://gorilla.sc/support/info/timing). RTs less than 300ms or greater than 4500ms were removed from analysis. While many similar studies choose a stricter criterion, i.e. < 500ms [31, 32, 38, 44, 46, 66, 67] , we chose a more liberal range as average RTs for mental rotation of body parts is relatively unknown for the amputee and BIID groups. Median percentage of trials removed for the BIID group was 2.3% (2.0-2.8 interquartile range (IQR)), 2.6% (2.4-5.2 IQR) for the amputee group, and 2.6% (2.3-4.4 IQR) for the normally-limbed control group. The Kruskal-Wallis test on the median percentage was not significant (χ2(2) = 3.8, p = 0.145). Only RTs with a correct response (i.e. valid trials) were considered for analysis. The median percentage of removed trials that were < 300ms and correct was 0% (0-0 IQR). The median percentage of trials that were >4500ms and correct were removed per group as follows: BIID [(0.39% (0-0.5 IQR)], amputees [(0.26% (0-1.3 IQR)], normally-limbed controls [(0.52% (0-1.0 IQR)]. Median reaction times for each stimulus type per participant were log-transformed to correct for the positive skew in the data and to facilitate parametric analysis. For BIID and amputee participants, data were sorted by "affected" and "unaffected" (corresponding to left and right in controls) for homogeneity in analysis. Error rate was calculated by dividing the number of correct valid trials by total valid trials, resulting in a proportion from 0 to 1. Partial eta-squared (η 2 ) and Cohen's d were used to show effect sizes. When the assumption of sphericity was violated, the Greenhouse-Geisser correction was applied.
The design was as follows: 6 (orientation) x 2 (laterality) x 2 (type) x 2 (view) x 3 (group). Specifically, following the results of the repeated-measures ANOVAs on RTs, we hypothesized that BIID participants would be slower and less accurate at making judgements about the affected versus unaffected foot (expected: group x side interactions, compared to lower-limb amputees and normally-limbed controls). In the cases where both a main effect and an interaction effect was present, only the highest-level interaction was further explored. With respect to the questionnaire scores, the Modified MINI was compared between the groups using a one-way ANOVA. As BSL-23 scores were not normally distributed as revealed by Shapiro-Wilk tests (BIID: W = 0.4, p < 0.0001, amputees: W = 0.8, p = 0.006, controls: W = 0.8, p = 0.001), a Kruskal-Wallis test was used to compare groups (with follow-up MannWhitney U tests). SDS scores (not normally distributed as revealed by a Shapiro-Wilk test (particularly for the work subscale; BIID: p = 0.006; amputees: p = 0.02) were compared between amputees and BIID participants using Mann-Whitney U tests. Descriptive results are given about the 12-item ZXS (BIID participants only). Finally, we provide explorative covariance analyses in the supporting material (S1 File), looking at the influence of years since amputation/with BIID, use of prostheses, the presence/absence of phantom limb sensations, and posture change during the study.
Results
Questionnaires
General demographics of participants. The one-way ANOVA with age as the dependent variable revealed was not significant (F(2,30.9) = 2.3, p = 0.1). The chi-square test on the distribution of sex across the groups was also not significant (χ 2 (4) = 3.3, p = 0.5). Screening for mental illness. Modified MINI. The difference between groups on the scores of the Modified MINI was not significant (F(2,67) = 0.8, p = 0.9, η 2 = 0.003). The average scores were 4.3 ± 4.0 SD (normallylimbed controls), 4.5 ± 3.6 SD (amputees), and 4.0 ± 3.5 SD (BIID participants). There were two normally-limbed, two amputees, and two BIID participants who had a score �10, suggesting a possible mood, anxiety, or psychotic disorder. This was corroborated, for some participants, by their general questionnaire data. Of the two normally-limbed controls with a score �10, one reported having bipolar disorder. Of the two amputees, one reported depression with comorbid emotional-unstable personality disorder of the borderline type. Of the two BIID participants, one reported depression. These participants were not excluded from the analyses. The remaining participants with a high Modified MINI score did not report a past or present psychiatric illness.
BSL-23.
There was a significant difference between groups on the BSL-23, as revealed by a Kruskal-Wallis test (χ 2 (2) = 15.0, p = 0.001). Follow-up Mann-Whitney U tests revealed a significant difference between the BIID and amputee groups (U = 56, z = -3.1, p = 0.001), between the BIID and normally-limbed group (U = 92, z = -3.6, p < 0.0001), but not the normallylimbed and amputee groups (U = 301.5, z = -0.2, p = 0.8). That is the BIID group had higher scores (median = 1.3, IQR = 0.8-2.2) on the BSL-23 than the amputee (median = 0.4, IQR = 0.2-0.9) and normally-limbed (median = 0.5, IQR = 0.2-0.9) groups, in line with previous reports showing elevated borderline scores in this population [4, 7, 11] .
Functional impairment due to BIID or amputation. Sheehan Disability Scale (SDS). Participants with BIID revealed significantly higher levels of impairment due to illness with respect to work (U = 80.5, z = -2.3, p = 0.01) and family life (U = 93.5, z = -1.9, p = 0.05) compared to amputees. Scores were similar between the two groups for social life (U = 107, z = -1.5, p = 0.1). See supplementary S1 Table for scores per participant. However, on averages, scores for all subscales and for both groups were not significantly greater than 5 (p � 0.1). For amputees, median number of days lost in the last week due to having an amputation was 0 (0-1 IQR). For BIID participants, median number of days lost in the last week due to having BIID was also 0 (0-1 IQR). Amputees had a median of 0 (0-1 IQR) underproductive days due to the amputation, and participants with BIID had a median of 3.5 (0.75-5.25) underproductive days due to BIID. Normally-limbed controls did not complete this scale. The Mann Whitney-U test between the groups for days lost was not significant (U = 136, p = 0.78). However, BIID participants reported to have significantly more underproductive days than amputees (U = 85, p = 0.02).
Foot dominance. Thirteen amputees reported right foot dominance before amputation, four reported left dominance and two reported ambidexterity. Eleven individuals with BIID had a positive score on the footedness questionnaire, suggesting a right foot dominance, while three individuals had a negative score, suggesting left foot dominance (mean = 6.6 ± 10.8 SD). One individual with BIID did not complete the questionnaire. Twenty-seven normally-limbed participants had a positive score on the questionnaire, while the remaining six had a negative score (mean = 8.4 ± 6.6 SD). A chi-square test indicated no significant differences in foot dominance across groups (χ 2 (4) = 5.7, p = 0.2). BIID-specific questionnaire. 12-item Zurich Xenomelia Scale (ZXS). Only BIID participants completed this scale. Average scores ± standard deviations for each subscale were as follows: 4.5 ± 0.4 (pure amputation desire), 3.7 ± 0.7 (erotic attraction), and 3.5 ± 0.9 (pretending behaviours). Total average score was 3.9 ± 0.4 out of a possible 6. These scores are in line with previous studies using this scale to describe BIID samples (e.g. [4, 11, 64] ).
Mental rotation task
Reaction times. A 6 (orientation) x 2 (laterality) x 2 (type) x 2 (view) x 3 (group) repeated-measures ANOVA was conducted on the mean of the log-transformed reaction times, with group as the between-subjects factor. There was a main effect of orientation (F(3. To further investigate differences between the levels of this interaction, we first visually explored the data by plotting it. Because the difference between top and sole views were not the same across orientations, we inspected the difference between the views within each level of orientation, separately for both foot types, using paired samples t-tests (critical Bonferroni-corrected p = 0.004). There was a difference between top and sole views for real feet at 180 degrees (t(67) = -5.8, p < 0.001, and t � 5.9 p < 0.001 for top versus sole in all other orientations), there was no significant difference between reaction times for top and sole views of prosthetic feet oriented at 180 degrees (t(67) = -0.6, p = 0.5, but t � 8.3 p < 0.001 for all other orientations).
There was no main effect of group (F(2, 65) = 0.2, p = 0.79, η 2 = 0.007). However, there was an interaction between orientation, view, and group (F(10, 325) = 2.2, p = 0.01, η 2 = 0.06). To further investigate differences between the levels of this interaction, we first visually explored the data by plotting it (see Fig 3 for graphical representation) . Because the difference between top and sole views were not the same across orientations, we inspected the difference between the views within each level of orientation, separately for each group, using paired samples t-tests (critical Bonferroni-corrected p = 0.008). While normally-limbed participants were significantly faster at making judgements about feet presented from the top at 180 degrees than from the sole (t(32) = -3.1, p = 0.003 and between all other orientations (t � 7.8, p < 0.001 for all), BIID (t(15) = -2.0, p = 0.06) and amputee (t(18) = -1.1, p = 0.26) participants showed no significant difference in reaction times for feet viewed from the top or sole but only when they were oriented at 180 degrees (i.e., third-person perspective). However, both groups were significantly faster at making judgements about feet viewed from the top versus the sole for all other orientations (p < 0.001 for all). Importantly, there was no interaction between laterality and group (F(2, 65) = 0.5, p = 0.5, η 2 = 0.01), and no other interactions with side (p > 0.1 for all interactions). Taken together, these results show no support for our hypotheses that participants with BIID would be slower for making judgements about images corresponding to their affected foot compared to their non-affected foot and compared to the other two groups (see Fig 3) . Error rates. Error data were not normally distributed for several conditions (i.e. error rates were 0, greatly skewing the distribution). Therefore, we decided to collapse across all conditions and look at error rates between groups using a Kruskal-Wallis test. Median error rates and interquartile ranges were as follows: BIID participants (0.02 ± 0.01-0.03), amputees (0.02 ± 0.02-0.05), normally-limbed controls (0.07 ± 0.02-0.14). The Kruskal-Wallis test was significant (χ2(2) = 7.1, p = 0.03). Follow-up Mann-Whitney U tests revealed that the difference in overall error rates between amputees and BIID participants (U = 100.5, p = 0.08) was not significant, nor was the difference between amputees and normally-limbed participants (U = 227.5, p = 0.1). However, there was a significant difference between BIID and normallylimbed participants (U = 156.5, p = 0.02), insofar that normally-limbed participants had slightly higher error rates than BIID participants (see Fig 4) .
Discussion
In the current study we investigated whether disrupted feelings of lower-limb integrity (as in BIID) influenced performance on a task involving mental rotation of feet. In an online study, participants were asked to judge the laterality of foot images presented from different views, orientations, laterality, and as different types. As the task usually involves mentally rotating one's own body part to match the pictured foot, we expected individuals with BIID to be slower than lower-limb amputees and normally-limbed participants at making judgements about feet that corresponded to their affected side (i.e. the side desired to be amputated). Contrary to our expectation, we did not find any significant differences in reaction times between groups based on laterality. BIID participants performed similarly to lower-limb amputees and normally-limbed participants on this task, which suggests a preserved ability to mentally rotate affected body parts in this population. BIID is a rare condition characterized by a strong and persistent desire to amputate or paralyze one or more healthy limbs, predominantly the legs [68] . Studies involving BIID participants have revealed an altered network in the brain for representing the body, especially the lower limbs. Specifically, there is evidence of a central under-representation of the legs (mainly in the paracentral lobule) and issues with multimodal integration of that limb, i.e. failed activation of the premotor and superior parietal lobule in response to tactile stimuli on the limbs [4, 7, 10, 12] . These findings suggest that there might be issues integrating lower level sensory input with higher-order models of the body, models which are likely abridged in BIID. We aimed to tap into this compromised representation of the leg in BIID by asking participants to mentally rotate images of feet, a task that is presumably completed by temporarily using one's own body part representation to make a laterality judgement. The finding that all participants were slower to make judgements about feet in awkward postures suggests that they were using an internal, egocentric model of the foot to make a judgement (e.g. [30, 44, 49] ). BIID participants therefore seem to maintain their ability to mentally rotate the affected limb like normally-limbed individuals. Thus, while individuals with BIID may have an altered integration of higher-order somatosensory and proprioceptive information of the legs/feet [10] , it is possible that visual representations of the legs/feet are still intact. Participants with BIID feel like their leg should be paralyzed or amputated, but do not necessarily report issues with the visual appearance of it. An examination of visual perception of the legs in BIID is currently underway in our lab, which might validate this query. Thus, participants may still be able to tap into a visual representation of the foot in order to solve the task (e.g. as recently suggested by the brain activity of lower-limb amputees [45] ). Moreover, the motor network for action execution still functions normally in BIID [10] . Studies have shown that executing an action and imagining an action activate similar motor-related networks in the brain (e.g. [69] ), similar to those involved in mental rotation [19, 40, 43] . Thus, it could be that mental spatial transformation of feet in BIID is spared by a normally-functioning motor system (though brain activity during imagined movements of the affected leg has yet to be tested). Taken together, the integration of visual and motor representations of the feet in BIID might facilitate performance for mental rotation of feet. Several studies have investigated the role that peripheral disruptions, like an amputation or pain, play on mental rotations of body parts [34, 44, [47] [48] [49] 51, 70, 71] . Amputation of an upper limb, particularly the dominant hand, seems to negatively influence performance on its mental rotation [34] . However, amputation of a lower limb seems to have a less robust detrimental effect on performance in such a task [44, 45] . In the first study to investigate mental rotation of body parts in lower-limb amputees, Curtze and colleagues [44] revealed similar performance between lower-limb amputees and controls on a mental rotation task of the feet. However, they did find an interaction between side and group for reaction times. Because this was not confirmed for the error rate data, they do not discuss the interaction. It is possible that amputees may have been slower for their affected leg, but they made just as many errors as controls. We could not examine this in our study as error rates revealed a ceiling effect in most conditions. In addition, Curtze et al. showed that one individual with rotationplasty-a rare surgical condition in which a lower limb is amputated for medical reasons related to the knee and the intact foot is then rotated by 180 degrees and transplanted to the thigh so that the ankle can serve as knee substitute for a future prosthesis-had an intact ability to mentally rotate feet. These findings suggest that mental rotation abilities, at least for foot images, are preserved in the face of physical changes to the lower body. Our study is one of few to examine the role of a lower-limb amputation on mental rotation of feet. We replicate other findings insofar that lower-limb amputees performed similarly to normally-limbed controls on mentally rotating feet, even for their amputated side [44, 45] . Importantly, Curtze et al. also found an interaction between side, orientation, and the absence/presence of phantom sensations (when included as a co-variate) during the task. However, this interaction was not elaborated upon in their report. In their study, only 2/18 participants experienced phantom sensations during the task. In our study, 8/19 participants stated in their questionnaire that they were experiencing a phantom limb sensation at the time of testing. As this was not the main aim of our study, in a supplementary analysis (see supporting S1 File), we reveal an interaction between foot type, view, and presence/absence of a phantom limb sensation. This suggests that those not experiencing phantom limb sensations were actually at a disadvantage (i.e. slower reaction times) for judging prosthetic feet (compared to real feet) viewed from the top. In line with Curtze et al.'s interpretation, this might suggest that participants were probably using motor imagery to solve the task. Lyu et al. [72] investigated the influence of phantom limbs on mental rotation of hands in upper limb amputees. They showed that those experiencing a phantom limb had prolonged reaction times to judging hand stimuli compared to those who did not and compared to controls (the latter two groups did not differ). However, their stimuli were judged from different orientations (0-300 degrees) and sides (left, right), but were of only one type (real hand) and view (from the top). Our interaction is specific to these factors. However, we only had few individuals (i.e. n = 8) that experienced phantom limb sensations at the time of the study, so more studies need to investigate this phenomenon during mental rotation. Specifically, as there is a lack of studies on lower-limb mental rotation in amputees, future studies could investigate the role of phantom experiences in upper-and lower-limb amputees for mental rotation of body parts, as there seems to be some evidence that this perception differentially affects reaction times.
Also noteworthy is that most (n = 17) of our amputees used prostheses, either on a daily basis (n = 15), almost daily (n = 1) or less than twice a week (n = 1). In addition, 14/19 reported wearing prostheses during the experiment. It is conceivable that the use of prostheses reactivates the representation of the missing lower limb, bridging any possible expected gap in performance between amputees and control participants for mental rotation of feet. Guo et al. [70] investigated mental rotation of hands in upper-limb amputees with a history of prosthesis use and those without. Those with a history of prosthesis use were equally fast (and showed similar brain activity) during the task as control participants. Non-prosthesis users, however, were slower and showed aberrant EEG activity during the task. Even three of their participants who no longer used prostheses still performed the same as controls on the task. These findings, together with ours, suggest that prostheses might indirectly uphold an internal representation of the amputated body part allowing for unaffected mental rotation. In BIID, it could be that the physical presence of the leg also contributes to maintenance of an internal motor schema that at least allows for mental rotation of that part. Moreover, since low-level peripheral input on the limb is seemingly normal in BIID (e.g. pain, temperature, vibration, position sense [64] ), it is possible that peripheral input overrides the aberrant central representation (distributed across frontal, parietal, and insular areas) in this task, allowing for normal spatial transformation of body parts.
While we did not find support for our hypothesis of an interaction between group and side, we found an unexpected interaction between group, orientation, and view on reaction times. Specifically, we found that amputees and BIID participants showed no significant differences in reaction times for making judgements about feet displayed from a third-person perspective (i.e. 180 degrees) for the top and sole views. In contrast, normally-limbed participants were not equally fast at making judgments about feet displayed from a third-person perspective, insofar that they were significantly faster when the feet were viewed from the top than from the sole, in line with previous studies for top and bottom body part views [31] [32] [33] [34] 44] . All groups were faster for all other orientations at making judgements about the top versus the sole, however. The finding that amputees were not significantly faster at top versus sole views at 180 degrees might be reflective of a more flexible repertoire of possible postures for the feet, given that one leg is not physically present. This might place less constraints on possible mental transformations of the lower body. Future studies could try to elucidate this proposed mechanism.
We also found an unexpected interaction between foot type, orientation, and view. Specifically, participants were significantly faster at making judgements about real feet oriented at 180 degrees viewed from the top than from the sole but did not show a significant difference between responses for top versus sole views of prosthetic feet oriented at 180 degrees. This discrepancy in behaviour suggests that participants referred to their own foot's representation to make the laterality judgements. In other words, when the prosthetic foot was oriented in a third person perspective (180 degrees), view (top or sole) did not affect performance. In line with this, one might better consider the hypothesis that people with BIID treat their affected limb as a non-bodily object. It has been shown that people typically show a less exaggerated effect of orientation for response times to different orientations of letters or non-bodily objects compared to body parts [35, 36] . Including a condition with a non-bodily object (e.g. letters) might further clarify whether the presented body part is actually rotated by using an internal representation.
Finally, participants made very few errors during this task (median < 0.04, or 4%, across all participants). Therefore, we collapsed error rate data across all conditions to obtain a total error rate and compared this between groups. We found that normally-limbed participants had a significantly higher error rate than BIID participants, but no other statistically significant group differences emerged. However, while not statistically significant, it is worth noting the difference between amputees and BIID participants (p = 0.08), suggesting that BIID made fewer errors than amputees. In general, though, there were so few errors that we could not examine this difference more thoroughly, i.e. whether it was specific to one or two conditions. While our error rates might seem surprisingly low, our average error rate is in line with at least two other studies involving mental rotation of feet (e.g. [30] :~5%, [71] :~5.4%). Perhaps increasing task difficulty might reveal differences between groups, but the reaction time data, as it stands, cannot speak to this.
A central limitation of the current study is that participants completed the task online. We chose an online study approach to increase our sample size, given that BIID is such a rare and secretive condition [2] . Many BIID individuals communicate anonymously about their condition with others in online forums. Participation in an online experiment allows us to gain more understanding about the condition but also protects the anonymity of the participant. However, it is worth noting that the validity of the BIID group could have been affected by this. Specifically, we could not confirm a BIID diagnosis in these individuals. Telephone interviews administered by a trained healthcare professional, in which participants are asked specific questions regarding the history and course of their BIID (e.g. using the criteria from First and Fisher [1] ) may have better validated our BIID sample. With respect to limitations regarding experimental compliance, our findings could be corroborated by testing the same protocol in the lab. However, the main effects of orientation and view align with other lab-based mental rotation task studies, validating the parameters of our task. Participants were instructed to sit normally with their feet flat on the floor prior to starting the experiment. However, we could not monitor or control their current posture, nor whether they wore their prosthesis. This might have influenced our results to some extent, but the influence of foot posture on mental rotation of feet has not been explored yet. Another possible limitation is the mother tongue of the participants. The experiment was conducted in English, but most participants were not native English speakers. While this may have affected responses on the questionnaires, we do not believe it affected performance on the mental rotation task (which simply required forcedchoice key press). We would expect a much higher error rate in our task if participants did not understand the task due to language barriers. Finally, due to the unequal sample sizes per group, statistical power underlying these results may be reduced.
To conclude, we found that the ability to mentally rotate affected body parts, at least in terms of reactions times, in BIID is not statistically different from that of lower-limb amputee and normally-limbed participants. We replicate the findings of previous studies looking at mental rotation of feet in lower-limb amputees [44, 45] . The role of lower phantom limb sensations in mental rotations, however, warrant future investigation. Few studies have behaviourally examined body representations in BIID. This is the first study, to our knowledge, to examine mental rotation of feet in BIID. Our findings contribute to the growing literature on BIID and suggest that mental rotation tasks might not tap into the incongruent bodily experience individuals with this condition report. Other implicit body representation tasks, like those related to proprioception and somatosensation, are currently being employed in our lab with individuals with BIID. Understanding the behavioural manifestation of this disturbed bodily experience might aid in the development of clinical tests for the diagnosis of BIID, as none have been developed yet. 
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